Introduction
============

The field of human genetics is currently in a process of transformation due to technological advances in next-generation sequencing (NGS) that allow nearly comprehensive sequencing of large numbers of human genomes. This technology has emerged as by far the most successful general genetic diagnostic test, with diagnostic yields ranging from 25% to 60% in the setting of pediatric genetic disease. It has also led to a remarkable acceleration in overall gene discovery. The Centers for Mendelian Genomics (CMGs) established by the US National Institutes of Health in 2011 to perform genetic analyses across the Mendelian disease population, has discovered 956 genes, including 375 novel disease genes.^[@ref1]^ Beyond facilitating diagnosis and gene discovery, there are also qualitative differences in the types of mutations that can be discovered. For example, until recently, it has been very difficult to identify the cause of dominant conditions that compromise reproduction because linkage generally cannot be used. However, such conditions are now easily resolved by comparing the genomic sequences of multiple affected individuals. NGS has also led to a remarkable number of "phenotype expansions" in which already known genes are implicated in unexpected presentations.

Of particular importance is the fact that the successes in gene discovery are by no means limited to Mendelian disease. For example, a recent burden analysis implemented on a genome-wide basis implicated a new gene in amyotrophic lateral sclerosis (ALS).^[@ref2]^ Strikingly, such analyses allow a direct investigation of the underlying architecture of disease, and the cases of ALS, schizophrenia,^[@ref3]^ and unpublished studies of epilepsy and other conditions show that it is the very rarest variants that carry the strongest signal of risk. These results illustrate two critical features about complex human diseases. First, they are tractable through NGS ; second, there is a less sharp divide between at least some complex diseases and Mendelian diseases than had previously been assumed. Together with a now nearly comprehensive assessment of common variation through genome-wide association studies (GWAS), these results provide an emerging picture of the genetic architectures of neuropsychiatric diseases. NGS has therefore already transformed the diagnosis of rare neurological conditions and has opened the door to systematic gene discovery in more complex cases. These developments make it clear that NGS already provides concrete clinical deliverables. The next phase of research will focus on the biological modeling of disease-causing mutations in order to allow the development of personalized treatments that target the precise underlying cause of disease. The work on both rare and common forms shows that this paradigm may be applicable to both rare, severe, pediatric neurological disease and later-onset, genetically more complex neuropsychiatric illness. Here, we review these developments in the following sections: (i) genetic diagnoses of undiagnosed and unresolved diseases; (ii) common variants in complex neurological and psychiatric disorders: genome-wide association studies; (iii) rare variants in complex neurological and psychiatric disorders; and (iv) clinical impact.

**Box 1.** Publicly available controls.

*At present, the majority of next-generation sequencing (NGS) studies applied to complex disorders use exome sequencing and restrict analyses to loss-of-function (nonsense, frameshift, and splice) and damaging missense variants to predict the effects of missense variants. This is facilitated by the availability of large publically available data sets of exome sequence data that can be used to assess the frequency of particular variants and the likelihood of particular classes of variants appearing in specific genes. The largest publically available control cohort is the Exome Aggregation Consortium (ExAC) database (exac.broadinstitute.org), a catalog of rare coding variants comprising summary data from the exome sequencing of 60 706 unrelated individuals. A gene search in ExAC will show the position, quality, consequence, and frequency of all the variants found in that gene in the cohort, as well as metrics to indicate the gene\'s tolerance to damaging mutation. Individuals with severe pediatric disease have (as far as possible) been excluded from ExAC, which has facilitated the search for genes underlying severe early-onset Mendelian disorders. For complex neurological and psychiatric disorders, one has to be more careful with ExAC as the cohort is enriched for patients with stroke, schizophrenia, bipolar disorder, and Tourette syndrome. It also probably includes genetic variants that cause Mendelian disorders with onset in adulthood and controls with disease-associated variants that are not fully penetrant. Nonetheless, given that complex neuropsychiatric disorders are extremely genetically heterogeneous and that overall patients with neuropsychiatric illnesses make up a minority of the ExAC population, it is expected that disease-associated genes would have a lower burden of pathogenic variants in ExAC than they would in case cohorts and that most highly penetrant disease-associated variants would be missing or occur at a very low frequency in ExAC*.

Genetic diagnosis of undiagnosed and unresolved diseases
========================================================

While NGS is proving invaluable to new gene discovery, a striking and largely unanticipated application is in the accurate diagnosis of patients with undiagnosed or unresolved presumed-genetic diseases. Mendelian disorders are a common cause of intellectual disability, microcephaly, and brain malformations, and they account for a substantial fraction of neurodevelopmental disorders, seizure disorders, ataxias, and neurodegenerative disorders. There are currently approximately 7500 known monogenic Mendelian disorders in the OMIM (Online Mendelian Inheritance in Man) database (www.omim.org) and the number increases steadily each year as newly characterized disorders are added. The underlying genes have been identified for about half of these disorders.^[@ref1]^

**Box 2.** Glossary.

***Chromosomal nomenclature.** Copy number variants (CNVs) are usually described in terms of their chromosomal location, eg, 22q11.2 indicates the variant is on chromosome 22, located on the long arm (p represents the short arm, q the long), in the first cytogenetic band from the telomere, in the first sub-band of that band, in the second sub-sub-band of the sub-band.*

***Collapsing analysis/burden analysis.** An emerging method for analyzing exome sequence data in a case-control framework. For each gene, cases and controls are evaluated on the basis of whether they carry a "qualifying" variant in a particular gene (defined on the basis of the variant\'s allele frequency and predicted function). A comparison of counts of qualifying variants in cases and controls is made for each gene in order to identify genes with a significant excess or deficit of qualifying variants.*

***Complex disease.** A disease judged to have a more complex causation than Mendelian diseases.*

***Compound heterozygous.** When both maternal and paternal copies of a gene are affected by a recessive genetic variant, but the variants are different from each other*.

***Copy number variant.** A deletion or duplication of part of a chromosome, ranging in size from several kilobases to several megabases, but submicroscopic*.

***Exons.** The parts of genes that are transcribed into messenger RNA (mRNA) and translated into protein.*

***Functional annotation.** Information on the effect or possible effect of a genetic variant on the encoded protein, eg, a missense or nonsynonymous variant changes the protein sequence, a 3\'-untranslated region (UTR) variant is located in the UTR of the messenger RNA (mRNA) after the last exon and may or may not affect the stability or translation efficiency of the mRNA.*

***Genome-wide association study.** When hundreds of thousands of common single-nucleotide polymorphisms (SNPs) are genotyped in cases and controls to search for SNPs that have a significant (P\<5 x 10^-8^) difference in frequency between cases and controls. Genome-wide association studies are considered to simultaneously analyze all common variations in the genome.*

***Heritability.** An estimate of the amount of the population variability of a particular trait (eg, disease susceptibility) that can be attributed to genetic variation between individuals (as opposed to environmental factors)*.

***Homozygous variant.** When both maternal and paternal copies of the gene carry the same mutation.*

***Loss-of-function variant (nonsense, frameshift, and splice).** A genetic variant that probably truncates or alters the protein sequence to the extent that it can no longer perform its normal function*.

Individuals suspected to have monogenic neurodevelopmental or neurocognitive disorders are usually referred to a clinical geneticist, who will first establish that the probable cause is genetic and then attempt to identify the causal mutation(s). Traditionally, this has been done by carefully assessing the child\'s physical appearance, development, intellectual function, and medical history, and by performing any necessary laboratory studies and then comparing all this information to the presentation of known Mendelian disorders. Once a provisional diagnosis has been made, the causal gene(s), if known, may be sequenced to confirm the diagnosis. This approach relies on the patient presenting with a pattern of symptoms close enough to the "standard" to be recognized as having that disorder. It results in a diagnosis in about 50% of cases, most of which are diagnosed at the patient\'s first visit.^[@ref4]^ Only about 10% of patients who do not receive a diagnosis by the second visit will go on to receive a genetic diagnosis with the traditional method.^[@ref4]^

In 2012, we published a pilot study testing the use of NGS to find genetic diagnoses for patients with a disease that remains undiagnosed after the traditional diagnostic approach has failed. A key feature of this early effort was an attempt to estimate the diagnostic yield in a "typical" clinical genetics setting. Out of 12 patients in the study, we identified a genetic diagnosis for six,^[@ref5]^ and with subsequent reanalysis with updated variant identification software and newly discovered disease genes, this rate has now risen to 10 out of 12 receiving a diagnosis,^[@ref6]^ providing evidence for the effectiveness of this approach in the clinical setting. Since then, thousands of patients have undergone NGS for genetic diagnosis, resulting in the discovery of hundreds of new disease genes and expanding the phenotype associated with many known genes.^[@ref1]^ Importantly, every patient receiving a disease diagnosis in this manner is considered as an individual, with his or her genome and the clinical features weighed together to identify the probable causal genes. The key point to emphasize is that when a clear genetic diagnosis is obtained for an individual patient\'s disease, the diagnosis affords the opportunity to target a treatment to the precise underlying cause of disease, which is the basis of precision medicine. Even when such targeted treatments are not immediately available, simply having a correct genetic diagnosis sets the stage for trialing new targeted treatments as they do become available.

Currently, the diagnostic yield of NGS is higher when a trio design is used than when only probands are sequenced. The trio design, which includes both biological parents, permits the exclusion of many rare variants that are observed in the parents but not in population controls, making it much easier to zero in on candidate disease variants. Of particular importance is the identification of de novo mutations, which are now known to explain the majority of early-onset, severe genetic conditions. After the trio is sequenced, bioinformatics filters are used to identify rare genotypes that are present in the affected proband and absent in the parents. This approach can be used to identify dominant de novo causal variants, as well as recessive homozygous, compound heterozygous, or X-linked genotypes. When this approach is applied to general populations of people referred for clinical diagnostic sequencing, the diagnostic yield is usually around 20% to 40% *(Table I).* ^[@ref1],[@ref6]-[@ref12]^ Several groups have begun to explore the diagnostic yield for individual neurological and neurodevelopmental disorders---predominantly seizure disorders, ataxias, and intellectual disability *(Table II).^[@ref13]-[@ref25]^*

###### Diagnostic yield in large (n \>100) diagnostic next-generation sequencing studies. †Diagnostic yield refers to the percentage of patients for whom a genetic variant was identified as probably causing all or some of their symptoms \*not including sequenced relatives. DD, developmental delay; NGS, next-generation sequencing.

  **Study**                                                                          **Year published**   **Sample size\***   **Patient population**                                                                                 **Diagnosis yield†**
  ---------------------------------------------------------------------------------- -------------------- ------------------- ------------------------------------------------------------------------------------------------------ ---------------------------------
  Deciphering Developmental Disorders project, UK^[@ref7]^                           2015                 1133                Previously investigated but undiagnosed children with developmental disorders                          31%
  Centers for Mendelian Genomics, USA^[@ref1]^                                       2015                 8838                Known and novel Mendelian phenotypes                                                                   31%
  Clinical Diagnostic Sequencing at Ambry Genetics Laboratory, USA^[@ref8]^          2015                 500                 Diverse; primarily pediatric; 65% pediatric-onset neurological disorders                               37% trios 21% singleton
  Research NGS diagnostic program at Duke University Medical Center, USA^[@ref6]^    2015                 119                 Diverse; primarily pediatric; previously investigated but undiagnosed                                  24%
  Clinical Diagnostic Sequencing at Baylor College of Medicine, USA^[@ref9]^         2015                 486                 Various; adult at time of referral                                                                     17.5%
  Clinical Diagnostic Sequencing at the Hamad Medical Corporation, Qatar^[@ref10]^   2015                 149                 Various undiagnosed, suspected Mendelian disorders; predominantly neurocognitive; high consanguinity   60%
  Clinical Diagnostic Sequencing at Baylor College of Medicine, USA^[@ref11]^        2014                 2000                Diverse; primarily pediatric; 90% with neurological disorders or developmental delay                   25%
  Clinical Diagnostic Sequencing at the University of California, USA^[@ref12]^      2014                 814                 Diverse; 64% pediatric, of which 53% had DD; ataxia most common in adults (26%)                        31% trios 22% singleton 41 % DD

###### Diagnostic whole-genome and exome sequencing studies focused on specific neurological disorders (sample size ≥10).

  **Study**                          **Sample size**   **Disorder**                                          **Diagnosis yield**
  ---------------------------------- ----------------- ----------------------------------------------------- ---------------------
  Helbig et al, ^[@ref13]^ 2016      293               Epilepsy                                              38%
  Dimassi et al, ^[@ref14]^ 2016     10                Infantile spasm syndrome                              40%
  Veeramah et al, ^[@ref15]^ 2013    10                Syndromic epilepsy                                    40%
  Thevenon et al, ^[@ref16]^ 2016    43                Intellectual disability or epileptic encephalopathy   33%
  Keogh et al, ^[@ref17]^ 2015       12                Late-onset cerebellar ataxia                          33%
  Pyle et al, ^[@ref18]^ 2015        22                Undiagnosed ataxias                                   64%
  Fogel et al, ^[@ref19]^ 2014       76                Cerebellar ataxias                                    21%
  Sawyer et al, ^[@ref20]^ 2014      28                Pediatric-onset ataxia                                46%
  Ohba et al, ^[@ref21]^ 2013        23                Cerebellar and/or vermis atrophy                      39%
  Tammimies et al, ^[@ref22]^ 2015   95                Autism spectrum disorder                              8%
  Rump et al, ^[@ref23]^ 2016        35                Intellectual disability and microcephaly              29%
  Monroe et al, ^[@ref24]^ 2016      17                Syndromic and nonsyndromic intellectual disability    29%
  de Ligt et al, ^[@ref25]^ 2012     100               Severe intellectual disability                        16%

Diagnostic yields vary depending on several factors, including the following: (i) the sequencing paradigm---higher yields are achieved when genes of parents or other family members have also been sequenced, and trio sequencing is particularly important for detecting de novo and compound heterozygous disease variants; (ii) the genetic model---eg, highest yields are obtained for suspected monogenic recessive disorders; and (iii) how comprehensively the patients have been screened beforehand for mutations in genes associated with their condition and whether or not they have been prescreened for pathogenic variants that would not be identified by NGS, eg, repeat expansions. Diagnostic yields will increase as capture kits, alignment, and variant identification software improve and, perhaps most importantly, as more genes are implicated in disease and in new phenotypes. However, despite the expectation that some of the cases that now have negative results will resolve as current genes of unknown significance are proven to be pathogenic, groups performing diagnostic exome sequencing have all identified cases with no good candidate variants at all. Possible explanations for these unresolved cases include the following: (i) inherited mutations outside of the exome that cause disease through an effect on gene expression or splicing; (ii) mutations in the exome that have been ignored, perhaps because they act only in combination with mutations at one or more other loci and are thus filtered out because of the appearance of the individual variants in controls; and (iii) postzygotic somatic changes.

Phenotype expansion
-------------------

When a genetic diagnosis is made by NGS in patients that have been very intensely investigated beforehand, it is often because they are presenting with a known Mendelian disorder in an atypical manner. They may be showing symptoms that have not previously been associated with that disorder, and/or missing key diagnostic features. For example, in our original study,^[@ref5]^ we identified a pathogenic mutation in the *TCF4* (transcription factor 4) gene---which causes Pitt-Hopkins syndrome---in a girl who had neither seizures nor periods of hyperventilation, common and differentiating features of the disorder. The Finding of Rare Disease Genes (FORGE) Canada Consortium recently investigated 264 rare pediatric-onset Mendelian disorders of unknown cause and identified genes for 146 of them.^[@ref26]^ Of these, 95 were already known disease-associated genes, many representing expansion of the known phenotype. Similarly, of 956 genes identified by the US National Institutes of Health CMGs, 198, or approximately 1 in 5, represent phenotype expansion.^[@ref1]^ This is a very important development in human genetics, made possible only by the NGS diagnostic paradigm, as it is by definition impossible to significantly expand the range of clinical features associated with a gene when the diagnosis is being made based on a defined phenotype. This will not only be important for identifying genes associated with Mendelian disorders, but may also be critical to our understanding of complex disorders. It seems probable that many Mendelian diseases have a sufficiently broad phenotypic spectrum that a fraction of affected individuals will end up classified as having a complex disease. In other words, some so-called common complex diseases may in fact be, at least in part, a heterogeneous collection of genetically simpler conditions. Within neuropsychiatric diseases, epilepsy appears quite clearly to fit this category, and evidence is building for autism and schizophrenia.

Gene discovery
--------------

Approximately 30% of the 486 genetic diagnoses made by the Baylor NGS diagnostic team were in disease genes that have been discovered since 2011,^[@ref9]^ and 23% of the positive findings from the 500 cases reported by Ambry were within genes characterized within the past 2 years.^[@ref8]^ Of the 146 genes discovered by FORGE to be underlying rare Mendelian disorders, 67 had not previously been associated with human disease, 41 of which have been genetically or functionally validated. The CMG identified 375 genes not previously associated with human disease (or 128 by more conservative criteria), and the DDD project (Deciphering Developmental Disorders) and Ambry Genetics respectively identified 12 and 31 novel disease genes.^[@ref7],[@ref8]^ One key lesson of this rapid rate of discovery is the critical importance of regular reanalysis of clinical exomes. A further interesting finding from diagnostic sequencing is the apparent commonness of more than one pathogenic mutation. Such a combination would of course be expected to result in an undiagnosed condition because the presentation would not match any single Mendelian disease. It may be that the effects of the mutations blend to cause the major clinical features, or it may be that they have two different nonoverlapping disorders. This was observed in 7% of cases with a positive finding reported by Ambry, 5% of the Baylor pediatric patients, 7% of the Baylor adult patients, and 5% of the DDD cohort.^[@ref7]-[@ref9],[@ref11]^

Common variants in complex neurological and psychiatric disorders: genome-wide association studies
==================================================================================================

GWAS are designed to identify common genetic variants that individually confer a small increased risk of illness but that added together may account for a substantial fraction of the heritability of a particular condition. GWAS are used to investigate common disorders where family history does not suggest a single underlying causal gene. Large panels of single-nucleotide polymorphisms (SNPs; usually between 0.5 and 2.5 million) are used to represent the majority of common variants in the human genome, and to be declared genome-wide significant, an associated variant needs to achieve a *P* value of less than 5 x 10^-8^. Because SNPs associated with complex neuropsychiatric traits may have very small effect sizes, very large numbers are often needed to have the power to identify real associations. Because GWAS use a standardized set of SNPs to represent a much larger set of common variants, they can only identify disease-associated loci, and further work is needed to track down the causal gene or variant. The identification of variants underlying GWAS associations has proven to be much harder than expected and is a major impediment to the movement from GWAS hit to clinical utility. The reasons for this remain unresolved, but there are a number of possible explanations. One possibility is that the causal variants themselves are common (like the actual associated SNPs) and have subtle functional effects on gene expression or splicing that are hard to discern. Another potential explanation is that the causal variants are rare, and distributed over a broad genomic region, creating a "synthetic" signal of risk difficult to track down to individual causal variants. The balance between these two possible explanations is impossible to determine, and both probably contribute to the difficulty of fine mapping of GWAS signals.

However, whatever the explanation, the reality is that the majority of GWAS signals remain entirely unexplained. *Table III* displays the results of the most powerful GWAS to date for a set of common neurological, neurodevelopmental, and psychiatric illnesses.^[@ref27]-[@ref45]^ What is clear from the pattern of discovery is that any given condition seems to have a threshold sample size above which real discoveries increase regularly with increasing sample size. The exact reasons underlying the various thresholds for different diseases remain unclear in that multiple different underlying architectures are theoretically consistent with the GWAS findings. Not until a reasonable proportion of causal variants responsible for GWAS signals are tracked down will the reasons for these patterns become clear.

###### Genome-wide association study results for common neurological and psychiatric illnesses. A larger study of 16 023 cases (9240 discovery and 6783 replication) failed to find any genome-wide significant hit.^[@ref45]^ GWAS, genome-wide association study.

  **Disorder**                                         **Largest GWAS sample size (unrelated cases)**   **Number of genome-wide significant risk loci (\<5x10^-8^)**
  ---------------------------------------------------- ------------------------------------------------ --------------------------------------------------------------
  Schizophrenia^[@ref38]^                              36 989                                           108
  Multiple sclerosis^[@ref31]^                         9772                                             52
  Parkinson disease^[@ref29]^                          13 708                                           24
  Alzheimer disease^[@ref27]^                          25 586                                           20
  Migraine^[@ref33]^                                   23 285                                           12
  Stroke^[@ref32]^                                     24 164                                           8
  Bipolar disorder^[@ref39]^                           9747                                             5
  Epilepsy^[@ref34]^                                   8696                                             3
  Frontotemporal dementia^[@ref28]^                    3526                                             2
  Amyotrophic lateral sclerosis^[@ref30]^              2323                                             2
  Autism^[@ref36]^                                     5842                                             2
  Major depressive disorder\*^[@ref40]^                5303                                             2
  Anxiety disorders^[@ref43]^                          7016                                             2
  Tourette syndrome^[@ref35]^                          1285                                             0
  Attention-deficit/hyperactivity disorder^[@ref37]^   2960                                             0
  Anorexia^[@ref41]^                                   5551                                             0
  Obsessive-compulsive disorder^[@ref42]^              1865                                             0
  Posttraumatic stress disorder^[@ref44]^              1708                                             0

Here, we outline the latest GWAS findings for adult-onset neurodegenerative disorders, neurological disorders, neurodevelopmental disorders, and psychiatric disorders.

Adult-onset neurodegenerative disorders
---------------------------------------

The most common adult-onset neurodegenerative disorders---Alzheimer disease (AD), frontotemporal dementia (FTD), Parkinson disease (PD), and ALS---all have earlier-onset Mendelian forms that account for a minority of the cases (approximately 5%, 20%, 10%, and 10%, respectively) and later-onset, more genetically complex forms. Linkage analysis has led to the identification of major Mendelian disease genes, and in the case of AD, a common variant with major effect in the *ApoE4* (apolipoprotein E4) gene,^[@ref46]^ but the majority of cases remain unexplained, and many will not be caused by a single underlying genetic variant. GWAS have been well powered for AD and PD *(Table III),* and interesting recent findings include a signal within the *SORL1* (sortilin-related receptor, L\[DLR Class\] A repeats containing) gene, which had previously been identified through candidate gene studies of AD that investigated processing of the *APP* (amyloid precursor protein) gene, a Mendelian AD gene,^[@ref47]^ An NGS study investigating rare variants in AD GWAS-associated genes identified an excess of missense and loss-of-function variants in the *ABCA7* (ATP-binding cassette, sub-family A \[ABC1\], member 7) gene in patients with AD.^[@ref48]^ This has since been replicated,^[@ref49],[@ref50]^ although this did not account for the GWAS signal at this locus,^[@ref48]^ suggesting that both common and rare variants in this gene may be associated with AD. Association testing of rare variants identified by NGS and imputed onto AD GWAS data identified a rare missense variant (R47H) in the *TREM2* (triggering receptor expressed on myeloid cells 2) gene in AD.^[@ref51],[@ref52]^ A common GWAS signal in the human leukocyte antigen (HLA) region has been observed in AD and PD.^[@ref27],[@ref29]^ GWAS of ALS and FTD remain underpowered, and larger studies will probably identify more associated variants. The most common genetic cause of both ALS and FTD is an intronic repeat polymorphism in the *C9orf72* (chromosome 9 open reading frame 72) gene, accounting for approximately 40% and 25% of familial ALS and FTD respectively, as well as about 7% of sporadic ALS.^[@ref53]^ A combined GWAS meta-analysis of the two conditions including 4377 ALS patients and 435 FTD patients identified shared susceptibility in the *UNC13A* (unc-13 homolog A) gene as well as *C9orf72*.^[@ref54]^

Neurological disorders
----------------------

### Epilepsy

There are many Mendelian epilepsies, both syndromic (associated with other features such as developmental delay/intellectual disability, physical abnormalities, or other clinical symptoms) and nonsyndromic, However, as is the case for other neurological and psychiatric disorders, the genetic basis of common, nonfamilial epilepsies remains largely unknown. The largest GWAS study for epilepsy combined data from 12 cohorts and searched for associations with genetic generalized epilepsy, focal epilepsy, and unclassified epilepsy.^[@ref34]^ They identified two GWAS signals for "all epilepsy," one centered on the *SCN1A/SCN9A* (sodium voltage-gated channel a subunit 1/sodium voltage-gated channel a subunit 9) gene and the other on the *PCDH7* (protocadherin 7) gene; a third association was seen in the generalized epilepsy analysis, close to the *VRK2* (vaccinia-related kinase 2) and *FANCL* (Fanconi anemia complementation group L) genes. Interestingly, the epilepsy-associated allele close to *VRK2* confers protection from epilepsy,^[@ref34]^ but susceptibility to schizophrenia.^[@ref38],[@ref55]^ Mutations in *SCN1A* are seen in familial epilepsy with phenotypes ranging from severe myoclonic epilepsy in infancy to benign febrile seizures; mutations are seen less frequently in *SCN9A,* with some suggestion of interaction between variants in *SCN1A* and *SCN9A* in mouse models of epilepsy.^[@ref56]^ It is not yet clear whether the GWAS signal is a result of common variants with very small effect or rare variants in *SCN1A* and/or *SCN9A* causing synthetic associations.^[@ref57]^

### Multiple sclerosis

GWAS have had an unusually large yield of signals for the sample sizes in comparison with other neurological conditions.^[@ref31]^ It is tempting to infer from this a relatively more important role of common variation. This might reflect the fact that some of the variants that confer risk for multiple sclerosis (MS) have been selected in response to pathogens, whereas the variants underlying conditions such as epilepsy and schizophrenia seem generally more likely to reflect a mutation selection balance (damaging variants constantly enter the population through mutational events but are maintained at low frequency by purifying selection). The majority of MS-associated variants are related to immune function rather than neurological processes.^[@ref31]^

### Stroke and migraine

Both stroke and migraine have had well-powered GWAS that have had relatively few hits for the sample size. For stroke, this may be partly an ascertainment bias, as those with the most severe strokes with early mortality are less likely to be included in current GWAS. Interestingly, there is substantial overlap between common variants associated with stroke and migraine.^[@ref58]^

Neurodevelopmental disorders: autism and attention-deficit/hyperactivity disorder
---------------------------------------------------------------------------------

The role of rare, highly penetrant genetic variants in autism has been the focus of very significant genetic investigation (see later), but the GWAS signals await replication and finer mapping.^[@ref36]^ GWAS of attention-deficit/ hyperactivity disorder (ADHD) have yet to identify a signal.

Psychiatric disorders
---------------------

Psychiatric disorders are complex traits with strong environmental influences, which complicates their genetic investigation, despite high heritability. Unlike the adult-onset neurodegenerative disorders, there are no (known) Mendelian forms of psychiatric disorders; it is not clear why. Large-scale GWAS of schizophrenia,^[@ref38]^ depression,^[@ref40],[@ref45]^ bipolar disorder,^[@ref39]^ anorexia,^[@ref41]^ and anxiety^[@ref43]^ suggest that hundreds or even thousands of common variants of very small effect will be needed to explain a reasonable fraction of the heritability of these disorders. Schizophrenia has one of the highest heritabilities of all psychiatric disorders, and is leading the field of psychiatry in terms of systematic large-scale genetic analyses and positive findings. GWAS have identified 108 associated loci^[@ref38]^; however, much of the heritability remains to be explained, and larger studies will probably identify many more associated variants.^[@ref59]^ Impressively, the strongest signal, in the major histo-compatibility complex (MHC) locus, has been traced to its causal gene, *C4* (complement component 4), and it has been suggested that increased C4 activity in the brain of people with schizophrenia causes excessive synaptic pruning during postnatal brain development.^[@ref60]^ If this is supported by further work, it would represent one of very few times that a GWAS hit has informed about a specific underlying biological process.

A "mega-GWAS" of major depressive disorder showed no genome -wide association signals^[@ref45]^; however, two risk loci were identified in a study focusing on Chinese women,^[@ref40]^ possibly due to the more homogeneous sample of females with severe, recurrent depression or possibly reflecting population-specific associations. Other disorders, such as bipolar disorder,^[@ref39]^ have shown some interesting patterns but without as much definitive discovery. An obvious question for the community of researchers is whether there is any utility at all in expanding GWAS sample sizes. The answer to this question depends on one\'s view about the primary reasons to be investigating the genetics of neuropsychiatric diseases. If the primary reason is to identify genetic leads that can elucidate the underlying molecular pathways, the answer would seem to be that there is little value in fur ther expanding GWAS sample sizes. It seems clear that GWAS signals are a rather poor guide to the underlying causal variants because there are now many thousands of independent GWAS signals and only a handful that have been tracked down to their underlying cause. From this perspective, it is rather hard to imagine that moving the number of independent GWAS signals across neuropsychiatric diseases from 500 to 5000 would offer a great advantage in the identification of key disrupted genes and pathways. The one counter to this might be an effort to achieve a reasonable threshold size for the most important conditions, recognizing that some leading GWAS signals have apparently resolved to causal variants. For example, variants in *C4* were discovered to underlie the strong association at the MHC locus in schizophrenia GWAS. One relatively new approach in following-up GWAS findings is to perform targeted NGS of regions surrounding GWAS hits in order to directly identify both rare and common associated variants. This has been successfully used to further explore, for example, bipolar disorder^[@ref61]^ and AD^[@ref50]^ GWAS hits.

Rare variants in complex neurological and psychiatric disorders
===============================================================

Since so few GWAS hits have been tracked to causal variants, we have an exceptional paucity of implicated common causal variants for neuropsychiatric illness. What we do know is that, in most cases, common causal variants underlying GWAS hits have only a very modest impact on risk. The total cumulative effect of associated common variants in GWAS also clearly leaves significant heritability unexplained for all common conditions. This makes it very difficult to apply GWAS findings at the individual level. However, in contrast to the paucity of common causal variants, a large number of distinct rare variants have been definitively implicated in neuropsychiatric disease, Rare copy number variants (CNVs) with high penetrance have already been shown to be associated with many neuropsychiatric disorders (see below), and NGS studies are underway to explore the role of rare sequence variants in these disorders. The identification of rare, highly penetrant sequence variants offers an unprecedented opportunity to learn about the etiology of neuropsychiatric conditions, as---unlike with GWAS and CNV analyses---we discover the exact base change associated with the disorder. It is much more straightforward to move from these findings to biological interpretation and functional modeling of the mutations. When sequence variants are implicated in risk, the variants themselves become reagents to probe the underlying causes of disease. Thus, a critical and largely new focus in genetic studies of neuropsychiatric diseases is the systematic functional characterization of the mutations, implicated through sequencing studies, that confer risk of disease.

Copy number variants
--------------------

CNVs are deletions and duplications of large sections of the genome (approximately 10 kilobases to megabases). In 2007, it was reported that de novo CNVs were strongly associated with autism,^[@ref62]^ and CNVs at 1q21, 17p12, and the *NRXN1* (neurexin 1) gene were reported in autism patients for the first time.^[@ref63]^ Other studies rapidly confirmed and extended these findings to other CNV regions^[@ref64],[@ref65]^ and other conditions, including intellectual disability, seizure disorders, and schizophrenia.^[@ref66]-[@ref70]^ There are now 11 CNVs statistically associated with neuropsychiatric/neurodevelopmental disorders; these CNVs include 1q21.1, *NRXN1,* 2q37, 3q29, 7q11.23, 15q11.2, 15q13.3, 16p11.2, 16p13.1, 17q12, and 22q11.2; they vary considerably in their presentation, with most appearing at low frequencies in controls, some presenting with specific phenotypes such as obesity, and some in a severe syndromic manner with facial dysmorphism, physical abnormalities, and intellectual disability (ID).^[@ref71],[@ref72]^ Interestingly, 22q11 deletions have very recently been found in sporadic PD patients too.^[@ref73]^ With the exception of *NRXN1,* these CNVs affect multiple genes, and so they have not offered mechanistic insight into the conditions they associate with; it seems probable that in most cases the disorder is due to the combined effects of multiple genes being deleted or duplicated.

Because the phenotypic effects of these rare CNVs are unpredictable, genetic counseling for personal and familial risk of neuropsychiatric disease in cases where the associated variant has been identified before any symptoms have emerged is complicated. However, if a patient with ID, epilepsy, autism, or schizophrenia is found to have one of these variants, it is very probably relevant to the disorder, and the patient and family should be counseled accordingly. Unlike in patients with seizures, ID, or developmental delay, genetic testing is currently very unusual in psychiatry as traditionally there are no obvious genetic tests such as those that exist for Mendelian epilepsies and intellectual disability syndromes. However, we now know that approximately 2.5% of schizophrenia patients will carry one of the associated CNVs, and that many more genes will probably be associated through more powerful exome sequencing studies in the near future, Genetic testing should therefore be considered as part of routine clinical care for schizophrenia and potentially for other severe or early-onset psychiatric illnesses.^[@ref74]^

Exome sequencing for gene discovery
-----------------------------------

In terms of studying multiple individuals, all classified as having a similar neuropsychiatric condition (distinct from what we refer to as the "genetic diagnosis" above, which is applied to individual cases), there are two principal discovery frameworks that have now been successfully applied; these include (i) testing for excess de novo mutations in patients; and (ii) testing for burden of rare functional variants in case-control studies.

The de novo-mutation approach uses sample sets in which parents are available and identifies and confirms de novo mutations in trios or quads. In this framework, the focus is on testing whether there is a significant excess of de novo mutations either overall or in individual genes across the cohort studies, taking account of both the total mutation rate of genes and of the number of genes that are considered (about 19 000 in most exome studies). In addition to the identification of specific genes, analyses have been performed showing that de novo mutations are differentially drawn from specific groups of genes, for example, targets of the fragile X mental retardation protein (FMRP^[@ref75]^) and genes that have been shown to be intolerant to damaging mutation.^[@ref76]^ For diseases that strongly compromise reproduction, de novo mutations are often of particular importance, and their rarity in the genome means that it is easier to implicate disease genes when information about whether variants are de novo or not is available.

The primary analysis approach currently being used in case-control studies of whole-exome sequence data sets in neuropsychiatric diseases is to use some variant of a "collapsing" analysis. In this framework, criteria such as functional annotation (eg, missense, splice-affecting) and allele frequency are used to define "qualifying variants" (in the terminology of Cirulli et al^[@ref2]^).

Once qualifying variants are defined, each gene is assessed to see if there is a qualifying variant present or not in each case and each control. The resulting counts of qualifying variants in cases and controls are then compared. If there is a significant difference after accounting for all genes in the genome, then the gene can be considered implicated in risk, assuming artifactual signals have been controlled. This framework has onlybeen applied a handful of times so far, but it looks very probable that it will emerge as the primary discovery engine for neuropsychiatric disease genetics.

NGS for gene discovery in complex neuropsychiatric illness to date has largely focused on schizophrenia, autism, ALS, epileptic encephalopathy, stroke, and obsessive-compulsive disorder (OCD).

### Schizophrenia

The first trio NGS study to look for de novo mutations in complex neuropsychiatric illness sequenced the exomes of 53 schizophrenia patients without a family history of schizophrenia, and 22 control trios. No excess of de novo variants in general was found in these patients; however, an excess of damaging de novo missense variants was reported.^[@ref77]^ An excess of genedisrupting de novo variants was reported in a study of 231 trios the following year.^[@ref78]^ Two papers published in *Nature* in 2014, including analysis of de novo variants in 604 trios^[@ref79]^ and a case-control comparison of 2536 cases and 2543 controls^[@ref80]^ failed to identify specific associated alleles or genes, but both showed an excess of damaging variants in glutamatergic postsynaptic proteins and proteins whose messenger RNAs are targets of the FMRP. Reanalysis of the 604 trios in 2015 did not find any evidence of recessive genotypes playing a role in schizophrenia.^[@ref81]^ Most recently, a combined analysis of 4264 cases, 9343 controls, and 1077 trios (which included the exomes sequenced in the two 2014 papers) reported a significant excess of very rare (including de novo) gene-disrupting variants in the *SETD1A* (SET domain containing 1A) gene in schizophrenia patients, finding 10 in 5341 unrelated cases (0.19%) and none in 9343 controls.^[@ref3]^ This represents the first time that NGS has shown a statistically significant association between schizophrenia and a single candidate gene. SETD1A is involved in histone methylation and the association with schizophrenia further substantiates the report that common risk variants for psychiatric disorders may aggregate on histone methylation pathways.^[@ref82]^ Like the schizophrenia-associated CNVs, *SETD1A*-disrupting mutations are present at a low frequency in controls (2 out of 45 375 Exome Aggregation Consortium (ExAC) exomes without schizophrenia) and are also seen in patients with a more severe range of developmental and physical abnormalities.

### Autism spectrum disorders

Four NGS studies were published in 2012 that investigated de novo variants in autism spectrum disorders (ASDs).^[@ref75],[@ref83]-[@ref85]^ Using either a trio or quad design, these studied showed, as for schizophrenia, that many of the disrupted genes were connected to the FMRP network and to chromatin-remodeling networks; the studies demonstrated that the majority of the mutations are paternal in origin and reported several genes with recurrent mutations. These findings were confirmed in 2014 in a reanalysis of small frameshift insertions and deletions (INDELs) in the same trios.^[@ref86]^ In 2013, rare inherited variants were examined for the first time: Yu et al^[@ref87]^ looked at 277 children with ASD from consanguineous families from the Middle East and identified recessive mutations in Mendelian disease genes in patients with familial ASD, reporting a generally milder presentation and a lack of specific diagnostic features of the diseases previously associated with those genes. Lim et al^[@ref88]^ searched for homozygous or compound heterozygous variants in 933 cases and 869 controls and identified in ASD patients an excess of complete knockouts in genes that generally have low rates of loss-of-function variation. Two large-scale analyses were reported in 2014: the first compared de novo mutations in affected and unaffected siblings from 2500 quads.^[@ref89]^ They reported that 13% of de novo missense variants and 43% of gene-disrupting variants contribute to ASD diagnoses, and that, combining CNVs and sequence variants, de novo mutations account for about 30% of all simplex cases of autism and about 45% of all female cases. A case-control analysis of 3871 cases and 9937 controls used gene-burden tests for the first time in autism to search for a statistical association of different classes of gene variants in individual genes. They reported a set of 22 genes with a false discovery rate of less than 0.05. Both papers implicate genes in synaptic formation and chromatin-remodeling pathways.

Overall, considering genes, regions, and pathways implicated through GWAS, CNV, and NGS, there is a great deal of overlap between the findings of autism and schizophrenia genomics, which would not necessarily have been predicted from their clinical presentation and treatment. It is clear for both disorders that many hundreds of genes are probably enriched for rare, damaging variants in cases and that the genes that have been identified already represent only the tip of the iceberg. Very large sample sizes will be needed to be able to begin to systematically characterize the genetic basis of these disorders, and it is not yet clear if they will be distinguishable from each other or even from seizure disorders and severe developmental disorders at the genetic level.

### Epileptic encephalopathies

Epileptic encephalopathies are genetically heterogeneous, severe epilepsy syndromes. A study of 264 trios in 2012 implicated two new diseases genes---*ALG13* (UDP-N-acetylglucosamine transferase subunit ALG13 homolog) and *GABRB3* (γ-aminobutyric acid (GABA) A receptor, β3).^[@ref90]^ A more highly powered follow-up in 2014 analyzed 356 trios (including those previously analyzed) and, unlike in schizophrenia and ASD, showed an overall excess of exonic de novo mutations in cases compared with control trios, but in common with neuropsychiatric illnesses, also showed an excess of damaging de novo variants in synaptic genes. They also provided statistical evidence for de novo missense mutations in the synaptic gene *DNM1* (dynamin 1) in epileptic encephalopathy; *DNM1* was implicated in their previous study.^[@ref91]^ Several other genes had recurrent damaging mutations and will probably show statistical significance in larger cohorts.

### Amyotrophic lateral sclerosis

In March 2015, Cirulli and colleagues published an exome-sequencing study of 2900 ALS patients and 6400 controls. They performed gene-wise collapsing association testing and found nonbenign coding mutations in the *TNK1* (TANK-binding kinase 1) gene in 1.1% of patients and 0.2% of controls, thus establishing *TBK1* as an ALS gene. This finding was confirmed soon afterwards by Axel Freischmidt and colleagues in a study of 252 familial ALS cases.

### Stroke

Part of the National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project (ESP), Auer et al reported last year on a discovery sample of 365 cases and 809 controls, followed-up by sequencing and targeted genotyping of 1800 cases and 4800 controls^[@ref91]^; they identified two novel stroke-associated genes: *PDE-4DIP* (phosphodiesterase 4D interacting protein) and *ACOT4* (acyl-coenzyme A thioesterase 4). Analysis of previously implicated candidate genes provided further evidence for a role for *ABCA1* (ATP binding cassette subfamily A member 1) and *ZFHX3* (zinc finger homeobox 3) in stroke susceptibility. These findings implicate novel molecular pathways in ischemic stroke.

### Obsessive-compulsive disorder

OCD is the most recent neuropsychiatric disorder to have de novo mutations investigated with exome sequencing of trios. The small pilot study of 17 sporadic cases reported a slight excess of de novo mutations in patients compared with unaffected siblings of ASD patients and suggested that larger studies may begin to implicate associated genes for OCD as they have for other neuropsychiatric conditions.^[@ref92]^

Whole-genome sequencing for gene discovery
------------------------------------------

At present, there remain very few studies of whole-genome sequence data in neuropsychiatric illness. Wholegenome sequencing (WGS) is more expensive to generate and store and more difficult to analyze. We also lack large publically available databases like ExAC for noncoding regions. However, WGS not only provides data on noncoding regions, which are probably important in complex disease, but can also provide sequence data on coding regions that are currently missed by exome sequencing due to high GC content. A recent autism study used WGS for a set of 53 ASD patients, most of whom had been previously investigated by exome sequencing and CNV analysis without causal genes being identified.^[@ref93]^ The authors investigated rare genetic variants in noncoding regulatory regions and reported a significant excess of mutations in cases in DNase I-hypersensitive sites. They also reported the generation of sequence data for an additional 1854 genes that are commonly missed by exome sequencing and the reliable detection of small CNVs affecting single exons that cannot be identified with exome sequencing. As the cost of WGS decreases, it seems probable that high-coverage WGS will gradually overtake exome sequencing as the primary gene discovery method. However, while the collapsing framework is already working very well for genes, it is clear that it will prove a significant challenge to implement on a genome-wide basis. While expansion of the rules for qualifying variants should easily permit inclusion of other classes of variants very clearly associated with genes (eg, synonymous variants), implementation outside of genie regions poses significant challenges for the fundamental reason that it is unclear how to define the regions within which variants should be "collapsed." This is a key area of necessary development. One direction that will probably prove profitable for defining such regions is to develop genome-wide annotations that integrate information about regulatory potential with information about regions of the genome under purifying selection.

Clinical impact
===============

Although exome-sequencing approaches remain quite recent, there is already a growing body of evidence of clear clinical relevance. The most immediate clinical relevance is in providing an individual diagnosis that would not have otherwise been obtained and that directly determines the appropriate treatment. A particularly clear example of this is a rare neurological condition called Brown-Vialetto-Van Laere (BVVL) syndrome, which results from loss-of-function mutations in a riboflavin transporter. Petrovski et al^[@ref94]^ report the analysis of the exome of an 18-month-old girl with an undiagnosed progressive neurological condition. Once her sequence data were available, the previously unsuspected diagnosis of BWL was immediately clear, and a probably life-saving treatment of riboflavin supplementation was initiated.^[@ref95]^ Although this is one of the more extreme examples of personalized therapeutic benefits, the proportion of cases that derive some direct benefit has been estimated at between 19% and 49%, depending on how liberal the definition of therapeutic consequence.^[@ref96]^

Beyond direct changes in clinical management of individual patients, exome sequencing has already helped to identify disease-causing pathways that are now the focus of drug development efforts in those conditions.

For example, the exome-sequencing work identifying *TBK1* highlights autophagy in ALS,^[@ref2]^ and sequencing of patients with early-onset epilepsies has emphasized the importance of synaptic vesicle trafficking and other biological processes in epilepsy.^[@ref97]^ These results not only identify pathways as therapeutic targets for intervention, but also begin to develop a new molecular stratification of these diseases, which will have relevance to both drug development and prognosis.

It is worth emphasizing explicitly that in order to use a genetic diagnosis to provide an effective treatment, the key requirement is to understand how the responsible mutations cause disease. Once this is determined, it becomes possible to screen for compounds that act specifically against the underlying cause of disease. As one clear illustration of this paradigm, mutations in the *KCNT1* (potassium sodium-activated channel subfamily T member 1) gene have been shown to cause a number of epilepsies and appear to do so through a straightforward increase in activity of the channel.^[@ref98]^ This suggests the possibility that inhibitors of the channel could provide an effective targeted therapy, and quinidine has indeed already been tried in *KCNT1*-positive epilepsies, so far with limited benefit presumably due to doselimiting toxicities.^[@ref99]^ However, it does appear probable that a more selective and potent inhibitor will eventually be found, opening the way to more effective targeted treatments for this form of epilepsy. For this experience to become more common, it is essential that we develop modeling systems that can be used for any kind of mutant protein because many genes that cause neuropsychiatric diseases encode proteins that cannot be modeled well with traditional electrophysiology. One exciting paradigm in this context is the use of multielectrode arrays and other monitoring approaches to characterize the behavior of in vitro neuronal networks engineered to carry the mutations of interest. If phenotypes can be observed in these mutant neuronal networks, it becomes possible to screen for candidate molecules that revert those phenotypes, which in turn become candidate targeted treatments. Although this work is in its infancy and there are as yet few successes, there is growing enthusiasm to try this kind of approach in a range of different neuropsychiatric approaches, and there is already a compound being tested in ALS that was identified based on an excitability profile in engineered neurons monitored with multielectrode arrays.^[@ref100]^ Despite the justified enthusiasm for precision medicine based on examples such as these, it is important to recognize that in the vast majority of cases where a genetic diagnosis is obtained, there will currently not be any available treatment to choose on the basis of the diagnosis. The reality of this is clear from a simple consideration that among the nearly 5000 genes now implicated in Mendelian disease, only a tiny fraction have clear treatments associated with them. Despite this sobering reality, it seems reasonable to hope that advances in the biological modeling of disease mutations will steadily increase the proportion of genetic diagnoses that are associated with targeted treatments. As this work progresses, the proportion of genetic diagnoses associated with changes in management will only grow.
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